Based on the known refractive index and extinction coefficient, calculations of optical losses in glass/ transparent conducting oxide/CdS/CdTe solar cells have been carried out taking into account reflections at the interfaces and absorption in the transparent conducting oxide (indium tin oxide or SnO 2 :F) and CdS layers. It has been shown that the losses caused by reflections at the interfaces result in lowering the short-circuit current by ≈ 9% whereas absorption in the transparent conducting oxide and CdS layers with the typical thicknesses lead to losses of 15-16% for glass/SnO 2 /CdS/CdTe, and 22-24% for glass/indium tin oxide/CdS/CdTe solar cells.
Introduction
Since the beginning of the last decade mass production of solar modules based on thin-film CdS/CdTe has been started [1] . Today the challenge facing the researchers and technologists is how to increase the efficiency of CdS/ CdTe modules from the current efficiency of 10-11% and to decrease the gap between actual efficiency and the theoretical limit of 28-30%. The main causes of efficiency loss in CdTe/CdS solar cells are optical, electrical and recombination losses, a topic of study discussed in a substantial amount of papers. The present study focuses on optical losses due to absorption and reflection at the interfaces in CdTe/CdS solar cells. Calculations have been carried out based on the optical constants of materials used, the refractive index and extinction coefficient. It seems that the results of these calculations are interesting from a scientific and practical point of view.
Calculations of reflection and absorption losses
Before reaching the photoelectrically active CdTe absorber layer, solar radiation penetrates the glass plate, a layer of transparent conducting oxide (TCO) and CdS window layer. Obviously, this is accompanied by optical losses upon reflection from the following interfaces: air-glass (reflection coefficient R 12 ), glass-TCO (R 23 ), TCO-CdS (R 34 ), and CdS-CdTe (R 45 ), and absorption in TCO and CdS. According to the Fresnel equations, when the light is at near-normal incidence, the reflection coefficient from the interface between two contacting materials is determined by their refractive indices n 1 and n 2 , i.e. R = (n 1 − n 2 ) 2 /(n 1 + n 2 ) 2 . In the case of electrically conductive materials, refractive index contains an imaginary part and is written as n * = n − iκ, where n is the refractive index, and κ is the extinction coefficient. The expression for reflection coefficient from the interface has the form [2] :
At the air-glass interface we will find the reflection coefficient R 12 taking n 1 = 1, and κ 1 = 0 for air. For the glass, it is possible to take κ 2 = 0 and n 1 is given by the Zelmeer formula applied for quartz (SiO 2 ) [3] .
To find the reflection coefficients at the interfaces: glass-TCO, TCO-CdS, and CdS-CdTe it is necessary to know the values of the refractive index and extinction coefficient of TCO, CdS and CdTe in the spectral range 300-850 nm. In the discussion below we consider the two most common structures of CdTe/CdS solar cell in which indium tin oxide (ITO) and F-doped tin oxide (SnO 2 :F) are used as TCO. The spectral dependences of n and κ for ITO (typically 90% In 2 O 3 , 10% SnO 2 ) and SnO 2 taken from Refs. [4, 5] are presented in Fig. 1 , together with data on CdS [6] and CdTe [7] . Figure 2 shows the spectral dependence of the reflection coefficients R(λ) at the interfaces calculated by substituting n and κ from Fig. 1 into Eq. (1). Emphasis is given on obtaining low reflection coefficients (less than 0.05-0.06). The explanation for this is a relatively small difference between the optical constants of contacting materials.
For reflection losses at all interfaces before the solar radiation reaches the CdTe absorber layer, the transmission T (λ) can be calculated by the formula
It follows from Fig. 3 that the total reflection losses at the interfaces: air-glass, glass-ITO, ITO-CdS, and CdSCdTe in the thin-film CdS/CdTe solar cell is about 9% in the entire spectral range 300-850 nm. This implies that the reflection losses in the case of thin-film CdS/CdTe structure are not as critical as in the case of a silicon solar cell. Equation (2) does not account for multiple reflections in the glass plate, ITO and CdS layers, which is quite acceptable because of the small difference of reflection coefficients at the interfaces (Fig. 2) .
Let us pass to the absorption losses. The data for the extinction coefficient κ(λ) shown in Fig. 1b allows to find the absorption coefficient as α(λ) = 2ωκ/c, where ω is the angular frequency, and c is the speed of light in free space. Knowing α(λ) for the CdS and ITO (SnO 2 ), the absorption in these layers can be taken into account by incorporating in Eq. (2) the addition factors exp(−α CdS 
where d ITO , d SnO and d CdS are the thicknesses of the ITO, SnO 2 :F and CdS layers, respectively. Calculation of short circuit current can quantitatively account for the effect of optical losses in the entire spectral range. We will calculate the short-circuit current density J sc for AM1.5 total solar radiation using the Table ISO 9845-1:1992 [8] .
If Φ i is the spectral radiation power density, hν is the photon energy and the spectral density of the incident photon flux is Φ i /hν i , then we can write J sc as
where ∆λ i is the wavelength range between the neighboring values of λ i (the photon energy hν i ) in the table and the summation is over the spectral range λ = 300 nm to λ = λ g = hc/E g ≈ 840 nm. Figure 4 shows the dependence of short circuit current J sc on the thickness of ITO and SnO 2 :F calculated for different thickness of CdS with the assumption that the efficiency of photoelectric conversion in the CdTe layer is equal to 100%. As can be seen from Fig. 4 , optical losses caused by TCO layer with thickness of 200 nm are about 20% and 10% for ITO and SnO 2 :F, respectively. When the thickness of the TCO layer is close to 0, the optical losses are caused only by reflection and become equal to 8.5 and 8.8% for the SnO 2 :F and ITO layers, respectively. Thicker ITO layers of the order of 500-700 nm leads to unacceptably high optical losses (≈ 50%), while using SnO 2 :F the losses are reduced to a few percentage points only. In both cases, the presence of CdS layer, even when its thickness is 50 nm leads to further increase in the optical losses by approximately 10% and for a thickness of 100 nm the loss increases by another 7-8%. It should be borne in mind that the thickness of CdS equal to 50-60 nm is close to the minimum possible value with the current technology used in the manufacturing of CdS/ CdTe solar cells. As is evident from these data, a short--circuit current density above ≈ 25 mA/cm 2 , is practically impossible with the use of pure CdS as the window layer.
Conclusions
The results of the calculations reveal the specific causes of the optical losses in the CdS/CdTe solar cell and the possibilities to reduce them. (i) Reflection losses are about 8% over a wide spectral range, and only in the region λ < 400 nm increase to 10-11%. Certainly, reflection losses can be reduced by ≈ 4% using antireflection coating on the front surface of the glass. (ii) Due to absorption in the ITO layer of 200 nm thickness, the short-circuit current decreases by 12%, however, the decrease can be 25-26% when the thickness is 500 nm. In contrast, absorption in the SnO 2 :F layer is much smaller, causing only a decrease in short circuit current of about 2% at a thickness of 200 nm, and 4-5% at a thickness of 500 nm. (iii) Absorption loss in CdS cannot be avoided by reducing thickness alone, since it is related to interband optical transitions. Even at a thickness of 50 nm, decrease in the short-circuit current, caused by absorption in the CdS layer, is about 10% and further increase of 5-6% occurs at a thickness of 100 nm.
